Although Percoll gradient centrifugation has been used routinely to prepare motile human sperm, its use in preparing motile mouse sperm has been limited. Here, we showed that Percoll gradient-centrifuged (PGC) capacitated mouse sperm had markedly higher fertilizing ability (sperm-zona pellucida [ZP] binding and in vitro fertilization) than washed capacitated mouse sperm. We also showed that the lipid profiles of PGC capacitated sperm and washed capacitated sperm differed significantly. The PGC sperm had much lower contents of cholesterol and phospholipids. This resulted in relative enrichment of male germ cell-specific sulfogalactosylglycerolipid (SGG), a ZP-binding ligand, in PGC capacitated sperm, and this would explain, in part, their increased ZP-binding ability compared with that of washed capacitated sperm. Analyses of phospholipid fatty acyl chains revealed that PGC capacitated sperm were enriched in phosphatidylcholine (PC) molecular species containing highly unsaturated fatty acids (HUFAs), with docosahexaenoic acid (DHA; C22: 6n-3) being the predominant HUFA (42% of total hydrocarbon chains of PC). In contrast, the level of PC-HUFAs comprising arachidonic acid (20:4n-6), docosapentaenoic acid (C22:5n-6), and DHA in washed capacitated sperm was only 27%. Having the highest unsaturation degree among all HUFAs in PC, DHA would enhance membrane fluidity to the uppermost. Therefore, membranes of PGC capacitated sperm would undergo fertilization-related fusion events at higher rates than washed capacitated sperm. These results suggested that PGC mouse sperm should be used in fertilization experiments and that SGG and DHA should be considered to be important biomarkers for sperm fertilizing ability.
INTRODUCTION
Centrifugation through a gradient of Percoll has been used for more than a decade to prepare motile sperm from human ejaculates, which contain a significant number of immotile sperm cells, for intrauterine insemination and in vitro fertilization [1] [2] [3] [4] . On resuspension in capacitating medium containing albumin, 90% or more of Percoll gradient-centrifuged (PGC) sperm possess hyperactivated motility patterns. These PGC capacitated human sperm also are implied to have higher fertilizing ability than the whole population of sperm that simply are washed by centrifugation and capacitated in the same incubation medium [3, 5] . Electron microscopy and atomic force microscopy reveal that PGC sperm uniformly possess normal morphology with complete chromatin condensation and mitochondria formation as well as the ''clean'' surface, whereas washed human sperm from the whole ejaculate have heterogeneous morphology, with a significant number showing abnormal chromatin and mitochondrial structure as well as membrane vesicles on their surface [5, 6] . Percoll gradient centrifugation also has been used to prepare motile sperm from rodents [7] [8] [9] [10] , although its application in these species is at a lesser extent than that in humans. However, the superiority of PGC sperm to washed sperm in fertilization has not been demonstrated in rodents. In mice, the difference in the ultrastructure between PGC capacitated sperm and washed capacitated sperm is the same as that observed in humans [9] . Therefore, PGC capacitated mouse sperm likely have higher fertilizing ability than washed capacitated mouse sperm. If this is the case, then PGC capacitated sperm should be used for fertilization-related studies/work in rodents. Because mice are widely used experimental models for fertilization research and in vivo transgenesis, the question of whether PGC capacitated mouse sperm have higher fertilizing ability than washed capacitated sperm should be answered immediately, and this was one of the objectives of the present study.
To date, information regarding differences in biochemical properties between PGC capacitated sperm and washed capacitated sperm has been limited. This information would shed light on how sperm gain higher fertilizing ability. Because PGC sperm differ from washed sperm in their subcellular structure, as evidenced by the absence of coating membrane vesicles in the former [5, 6, 9] , we decided to direct our efforts at characterizing lipid profiles in both sperm types. Accumulated evidence reveals that composition and changes of sperm lipids can regulate sperm quality and functions [11] . Contents of major lipids, cholesterol, and phospholipids are much lower in PGC sperm than in washed sperm in both human and mouse species [12] [13] [14] . These results corroborate the absence of membrane vesicles on the PGC sperm surface. However, other lipid classes and subclasses also may differ between PGC sperm and washed sperm. Unique to mammalian sperm and testicular germ cells is the selective existence of the phospholipid molecular species with C22-highly unsaturated fatty acyl chains [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The contents of C22-highly unsaturated fatty acids (HUFAs)-containing phospholipids appear to correlate with mammalian sperm maturity and motility [15, 19, 21, 25, 26] . These phospholipids have low phase-transition temperatures [15] and contribute to high membrane fluidity [27] , which is required for hyperactivated motility and fusion-related events during gamete interaction (including the zona pellucida [ZP]-induced acrosome reaction and gamete plasma membrane fusion). Direct correlation between the contents of C22-HUFA-containing phospholipids and fertilizing ability of PGC sperm, however, has yet to be demonstrated.
Sulfogalactosylglycerolipid (SGG; also known as seminolipid) is another lipid that exists selectively in mammalian sperm and male germ cells [28] [29] [30] . In contrast to HUFA, SGG is an ordered lipid [3, 31] . It possesses ZPbinding ability [32, 33] , and the majority of SGG on the sperm surface is present in the sperm lipid rafts, which have ZP-binding ability (unpublished results). It therefore is possible that PGC capacitated sperm also have a higher content of SGG than washed capacitated sperm have. This would allow PGC capacitated sperm to bind to the egg ZP with a higher efficiency. In the present study, we have shown, to our knowledge for the first time, that the contents of both SGG and docosahexaenoic acid (DHA; C22:6n-3)-containing phospholipids are higher in mouse PGC capacitated sperm than in washed capacitated sperm. These findings would explain, in part, the higher fertilizing ability of PGC capacitated sperm, which also is reported herein.
MATERIALS AND METHODS

Preparation of Washed Capacitated and PGC Capacitated Mouse Sperm
Male CD-1 mice (age, 10-12 wk; Charles River Canada, St-Constant, QC) were boarded in a temperature-controlled room (22ЊC) with a 12L: 12D photoperiod. They were fed ad libitum with Purina 5075 Rodent Chow (Charles River Canada) and water. In all experiments described herein, these mice were fasted overnight and killed the following day by cervical dislocation. Krebs Ringer bicarbonate medium buffered with Hepes (KRB-Hepes) or with NaHCO 3 (KRB) was used. The KRB-Hepes consisted of 119.4 mM NaCl, 4.8 mM KCl, 1.7 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM Mg 2 SO 4 , 4 mM NaHCO 3 , 21 mM Hepes, 1 mM sodium pyruvate, 25 mM sodium lactate, 5.6 mM glucose, 1 U/ml of penicillin G, 1 g/ml of streptomycin sulfate, and 28 M phenol red at pH 7.4. The KRB consisted of the same components as in KRB-Hepes, except that 25 mM NaHCO 3 was used in place of 21 mM Hepes and 4 mM NaHCO 3 . One of these media was employed in all sperm preparations except when sperm were subjected to in vitro fertilization experiments, in which case KSOM medium was used. The KSOM medium consisted of 95.0 mM NaCl, 2.5 mM KCl, 1.7 mM CaCl 2 , 0.35 mM KH 2 PO 4 , 0.2 mM Mg 2 SO 4 , 25 mM NaHCO 3 , 0.2 mM sodium pyruvate, 10 mM sodium lactate, 0.2 mM glucose, 0.01 mM sodium EDTA, 1.0 mM L-glutamine, 1 U/ml of penicillin G, 1 g/ml of streptomycin sulfate, and 28 M phenol red at pH 7.4. Following our previously described method [30] , sperm were collected from the cauda epididymis and vas deferens into 1 ml of KRBHepes (prewarmed to 37ЊC), with the precaution of removing of fat pads surrounding the tissues before sperm collection. Sperm from the same mice were divided into two halves, each for the preparation of washed capacitated sperm and PGC capacitated sperm samples.
To prepare washed capacitated sperm, the collected sperm were centrifuged (430 ϫ g, 10 min, 25ЊC), and the sperm pellet was resuspended in KRB supplemented with 0.3% BSA (KRB-BSA; fraction V, embryo tested, catalog no. A-3311; Sigma, St. Louis, MO) to a concentration of approximately 10 million sperm/ml. Following incubation (30 min, 37ЊC, 5% CO 2 ), the sperm suspension was centrifuged (430 ϫ g, 10 min, 25ЊC). The BSA-containing supernatant devoid of sperm cells was removed, and the sperm pellet was resuspended in KRB to a concentration of 5-10 million sperm/ml.
To prepare PGC capacitated sperm, the sperm suspension, collected as described above, was diluted to 2 ml with KRB-Hepes and loaded onto a two-step Percoll gradient (45% and 90% Percoll [Amersham Biosciences, Uppsala, Sweden] in KRB-Hepes) [9] . The gradient was centrifuged (650 ϫ g, 30 min, 25ЊC), allowing motile sperm to sediment as a pellet and immotile sperm to interface between the two Percoll layers. After removing the interfaced immotile sperm and 45% and 90% Percoll solutions, the PGC motile sperm pellet was washed once in KRB-Hepes (430 ϫ g, 10 min, 25ЊC) and then capacitated in KRB-BSA (30 min, 37ЊC, 5% CO 2 ) at a concentration of approximately 10 million sperm/ml. The capacitated sperm were then centrifuged (430 ϫ g, 10 min, 25ЊC), and the PGC capacitated sperm pellet was resuspended in KRB to a concentration of 5-10 million sperm/ml.
Two 200-l aliquots were removed from both washed capacitated sperm and PGC capacitated sperm for the DNA assay and sperm counting. The remainder was placed in a glass vial, flushed with a stream of N 2 , and capped tightly. Alternatively, antioxidants (0.02 M diethylenetriaminepentaacetic acid and 0.06 M butylatedhydroxytoluene) were added to the sperm suspension in the vial before capping. These sperm suspension vials were stored at Ϫ20ЊC for subsequent sperm lipid extraction (see below). For cholesterol and phospholipid quantification, lipids extracted from the sperm vial that was flushed with N 2 were used, whereas for other lipid analyses, including gas chromatography/mass spectrometry (GC/MS) of phospholipid fatty acyl chains (see below), lipids were extracted from sperm stored in the presence of antioxidants.
All experiments involving the use of mice adhered to the Canadian Council on Animal Care guidelines and were reviewed and approved by the Animal Care Committee of the Ottawa Health Research Institute.
Sperm Motility and Viability
Motility of washed capacitated and PGC capacitated sperm was estimated by placing a 10-l drop of the sperm suspension in KRB-BSA (containing ϳ5 million sperm/ml) onto a glass slide, which was then viewed under an inverted Nikon TMS microscope (Nikon Canada, Inc., Mississauga, ON) at 100ϫ magnification. To assess sperm viability, the sperm samples were treated with 0.5 g/ml of propidium iodide at 37ЊC under 5% CO 2 for 5 min. A drop of the sperm samples was placed onto a glass slide, topped with a coverslip, and viewed under a Zeiss IM35 Microscope (Zeiss Canada, Toronto, ON) using a rhodamine filter. Sperm that excluded the fluorescent dye, propidium iodide, were scored as viable.
In Vitro Sperm-ZP Binding
Washed capacitated and PGC capacitated sperm were evaluated for their ability to bind to cumulus-free, ZP-intact mature eggs (prepared as described by Hogan et al. [34] ) using the in vitro sperm-ZP binding assay [30] . Briefly, 60 000 motile capacitated sperm (washed or PGC) were incubated (37ЊC, 5% CO 2 , 30 min) with 20-25 eggs in a 60-l droplet of KRB-BSA. Because washed capacitated sperm consistently had lower motility (70%-80%) than PGC capacitated sperm (90%-100%), the total number of gametes (motile ϩ immotile) added to the egg drop of the washed sample always was higher than that of the PGC sample (ϳ75 000-86 000 sperm for the washed sample vs. 60 000-67 000 sperm for the PGC sample). Following washing of the loosely bound sperm by pipetting the sperm-egg complexes through a drawn Pasteur pipette (bore diameter, ϳ250 m), the number of sperm bound per egg was counted under an inverted microscope at 200ϫ magnification. Student t-test was used to analyze significant differences in the numbers of sperm bound per egg 576 FURIMSKY ET AL.
between the washed capacitated and PGC capacitated sperm samples in each experiment as well as the average data from the mean values of these numbers obtained from three experimental days.
In Vitro Fertilization
Approximately 500 000 motile sperm of the washed and PGC sperm samples, each precapacitated in KSOM supplemented with 0.3% BSA (KSOM-BSA) for 1 h, were incubated (37ЊC, 5% CO 2 ) in 500 l of KSOM-BSA with 20-25 cumulus-free, ZP-intact mature eggs (prepared as described previously [34] ). After 8 h of gamete coincubation, eggs were assessed for their fertilization status under a Nikon Diaphot inverted phasecontrast microscope at 400ϫ magnification. Fertilized eggs were those containing two pronuclei. Data were expressed as percentages of total eggs fertilized in the coincubation drop. To assess the level of parthenogenesis, eggs were incubated under the same conditions but without sperm addition. This level was consistently 0%. The Student t-test was used to analyze significant difference in the average data for the percentage of eggs fertilized by washed capacitated sperm versus PGC capacitated sperm on three experimental days.
Analysis of Noncapacitated, Capacitated, and AcrosomeReacted Sperm by Chlortetracycline Staining Chlortetracycline (CTC) staining of mouse sperm was done according to the method described by Lee and Storey [35] with minor modifications. The CTC working solution (20 mM Tris, 130 mM NaCl, 5 mM cysteine, 750 M CTC, pH 7.8) was prepared fresh on each experimental day and stored light-protected at 4ЊC until use. Equal volumes of the PGC capacitated or washed capacitated sperm sample (ϳ100 l, 5 million sperm/ml) and prewarmed (37ЊC) CTC solution were mixed in a light-protected Eppendorf tube. To this mixture, 12.5% glutaraldehyde in 1 M Tris buffer (pH 7.8) was added to give a final concentration of 0.1%. An aliquot (ϳ8 l) of this sperm suspension was then placed onto a glass slide and topped with a coverslip. The slides were examined within 2 h under a Zeiss i.m. 35 Microscope with a BP 400-440 excitation filter and an LP 470K barrier filter. At least 200 sperm on each slide were assessed for the noncapacitated, capacitated, intermediate (between capacitated and acrosome-reacted), and acrosome-reacted patterns as described previously [35] . Experiments were repeated three times on different days. Significant differences of each CTC staining pattern between the PGC capacitated sperm sample and the washed capacitated sperm sample were analyzed by ANOVA.
Immunoblotting of Sperm Tyrosine Phosphorylated Proteins
One million sperm from the PGC capacitated or washed capacitated sperm sample were pelleted by centrifugation (5000 ϫ g, 1 min, room temperature) in a Heraeus Biofuge 15 microcentrifuge (Heraeus Instruments, Stratos, Germany), washed in 1 ml of PBS, resuspended in 30 l of less of SDS-PAGE sample buffer [36] without 2-mercaptoethanol, and boiled for 5 min. After centrifuging at 5000 ϫ g for 3 min, the collected supernatant was treated with 2.5% 2-mercaptoethanol, boiled for 5 min, and then subjected to SDS-PAGE [36] , followed by immunoblotting [37] with 0.5 g/ml of mouse monoclonal antiphosphotyrosine immunoglobulin G (4G10; Upstate Biotechnology, Lake Placid, NY). Antigen-antibody recognition was then probed using secondary horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G antibody (Bio-Rad, Hercules, CA) at 1:5000 dilution and an enhanced chemiluminescence Western blot detection kit (Amersham Pharmacia Biotech, Piscataway, NJ). Tris-buffered saline (20 mM Tris-HCl, 137 mM NaCl, pH 7.4) containing 5% nonfat powdered milk was used to dilute antibodies as well as to block the nitrocellulose membrane for nonspecific binding with the antibodies.
Analysis of Sperm DNA
Sperm DNA was quantified by a modification of the method outlined by Labarca and Paigen [38] as previously described [12] , which was based on the binding of Hoechst 33258 to DNA of live cells treated with a high salt concentration (2 M NaCl) to allow separation of DNA strands and, thus, intercalation of the Hoechst dye. Specifically for sperm cells, 100 mM dithiothreitol (DTT) was added to the sperm suspension to decondense the highly compact sperm chromatin by disrupting protamine disulfide bonds as well as to minimize the adherence of sperm to the surface of the assay tubes. Calf thymus DNA (Sigma) was used as a standard. All sperm DNA samples were assayed in duplicate. The sensitivity of the assay was 1 g of DNA [12] .
Extraction of Sperm Lipids
Lipids were extracted from all sperm samples following a modification of the method outlined by Bligh and Dyer [39] as described by Kates [40] . The details of this procedure have been described previously for sperm [12, 13] .
High-Performance Thin-Layer Chromatography of Sperm Lipids
High-performance thin-layer chromatography (HPTLC) HPK silica gel 60-Å plates (particle size, 5 m; 10 ϫ 10 cm; thickness, 200 m; Whatman, Kent, U.K.) were prewashed by ascending thin-layer chromatography (TLC) in chloroform/methanol ( ) were obtained from Sigma. The SGG was prepared in our laboratory as described previously [41] , and GG was then generated by acid desulfation of SGG [42] . For separation of sperm phospholipids, SGG, and cholesterol, the HPTLC plate was developed by ascending chromatography ( [40] . The plate was then air-dried and stained (30 min, 25ЊC) with 0.03% Coomassie brilliant blue G-250 in 30% methanol plus 100 mM NaCl with gentle agitation. All lipids were stained blue. The plate was destained (5 min, 25ЊC) with 30% methanol in 100 mM NaCl.
Densitometric analysis using ScionImage software for Windows (Scion Corporation, Frederick, MD) was performed on the Coomassie brilliant blue G250-stained HPTLC plate to determine the mole amounts of DG and TG in the isolated sperm lipids as well as the distribution of each phospholipid subclass [43] . Because these lipid classes and phospholipid subclasses of the same mole amounts were not stained equally with Coomassie brilliant blue G-250, a standard curve was constructed for each lipid by plotting the analyzed optical density values of the lipid bands versus the lipid amounts (in moles). For DG and TG, DAG (16:0/16:0) and TAG (16:0/18:0/16:0) were used to construct the standard curves, and the mole amounts were calculated from the weighed lipids using their known molecular weights. The mole amounts of all phospholipid standards were determined from the phosphate assay (see below).
Quantitation of Cholesterol, Phospholipids, and SGG
Cholesterol in extracted sperm lipids was quantified by the modified fluorometric method described by Gamble et al. [44] , which used cholesterol oxidase, peroxidase, and p-hydroxyphenylacetic acid. Cholesterol was oxidized first by cholesterol oxidase to 4-cholestene-3-one and H 2 O 2 . The H 2 O 2 and p-hydroxyphenylacetic acid then served as substrates of peroxidase to generate a stable fluorescence product. In the present study, the assay volume was reduced so that the assay could be performed in a microtiter plate. Briefly, sperm lipids in chloroform were dried under N 2 and then resuspended in methanol. An aliquot (10 l) of this solution containing lipids extracted from 0.2 to 0.5 million sperm was transferred into the well of a black 96-well plate (Corning, Inc., Corning, NY), and 100 l of the reaction mixture were added to each well. The reaction mixture was made by combining 4 ml of 0.1 M potassium phosphate buffer (pH 7.4) with 1 ml of cholesterol oxidase (1 U/ml; Sigma), 1 ml of horseradish peroxidase (10 U/ml; Sigma), 0.5 ml of 0.5% Triton X-100, 0.5 ml of sodium cholate (8.6 mg/ml), and 1.5 ml of p-hydroxyphenylacetic acid (6 mg/ml); all reagents were made up in 0.1 M potassium phosphate buffer (pH 7.4). After incubation of the plate for 30 min at 37ЊC followed by 15 min at room temperature, the fluorescence intensity of the reaction product was measured at the excitation and emission wavelengths of 325 and 415 nm, respectively, using a SpectraMAX GeminiXS (Molecular Devices, Sunnyvale, CA). All sperm lipid samples were assayed in triplicate. The sensitivity of the assay was 0.05 g.
Phospholipids were quantified according to the method described by Duck-Chong et al. [45] as modified by Tanphaichitr et al. [12] . The assay In vitro fertilizing ability. In both A and B, data are expressed as the mean ϩ SD of the mean values from the three experiments. n, Total number of eggs assessed in each sample. *Significant difference between data from washed capacitated sperm samples and data from PGC capacitated sperm (P Ͻ 0.001 for sperm-ZP binding results and P Ͻ 0.05 for in vitro fertilization results).
was based on phospholipid digestion by magnesium nitrate at high temperature to inorganic phosphate followed by its color reaction with molybdate and malachite green. An aliquot of sperm lipids extracted from approximately 0.5 million sperm was used for each assay tube. The amount of inorganic phosphorus was quantified from a standard curve of KH 2 PO 4 (0-0.1 g of phosphorus) that was treated in the same way as the samples. All sperm lipid samples were assayed in triplicate. The sensitivity of the assay was 0.02 g.
The only sulfolipid in mouse sperm [9] , SGG was quantified according to the method described by Kean [46] as modified by Weerachatyanukul et al. [33] . This quantification was based on the formation of a color complex of SGG with cationic Azure A dye (Sigma). An aliquot of sperm lipid in chloroform, extracted from approximately 20 million sperm, was used for each assay point. A standard curve was constructed using SGG purified from ram testis [41] . All sperm lipid samples were assayed in duplicate. The sensitivity of the assay was 3 g.
Analyses of Fatty Acid Methyl Esters and Dimethyl
Acetals Generated from PC Phosphatidylethanolamine and Fatty Acid Methyl Esters Generated from SM Lipids extracted from washed sperm, washed capacitated, and PGC capacitated sperm were subjected to preparative TLC (using a K6 silica gel 600-Å plate; particle size, 10 m; thickness, 250 m; 20 ϫ 20 cm; Whatman) following the protocols for plate treatment and solvent development described above for HPTLC. However, the extracted lipid was applied to the TLC plate as a thin, 15-cm band. Standard PC, PE, and SM also were applied as a thin, short band. The plate was developed for 90 min at 25ЊC in a solvent system consisting of chloroform/methanol/acetic acid/water (50:37.5:3.5:2, v/v/v/v) [47] , which gave the best separation of all phospholipid subclasses from each other and from SGG (compared to the two other solvent systems described above for HPTLC). Individual phospholipid classes were located by staining the plate in Rhodamine 6G (Sigma) solution (0.005% in water). The PC and PE bands were scraped gently from the plate. The scraped silica powder was directly treated (95ЊC, 4 h in a closed tube) with 0.6 N methanolic HCl [40] . This treatment hydrolyzed the ester bonds of glycerophospholipids, generating fatty acid methyl esters (FAMEs). Mammalian sperm also contain an appreciable amount of plasmalogens [48] . The sn-1 chain of plasmalogens is an alkyl-1-enyl ether linkage, whereas the sn-2 chain possesses a fatty acyl chain. The acid methanolysis procedure releases a FAME from the sn-2 chain and a fatty aldehyde dimethylacetal (DMA) from the sn-1 chain from a plasmalogen [40] . However, this 0.6 N methanolic HCl treatment is not sufficient to hydrolyze the N-acyl fatty acid chain in SM; more drastic conditions (2 N methanolic-HCl at 95ЊC) must be used [40] . After the methanolysis reaction, the tube was placed at Ϫ20ЊC for 30 min, followed by addition of a one-tenth volume of cold water. The mixture was then extracted twice with a volume of cold petroleum ether (4ЊC) equal to that of the methanol, and the tube was centrifuged (300 ϫ g, 1 min, 4ЊC) to separate the methanol/water and petroleum ether phases. The latter phase, containing FAMEs and DMAs, was dried under a stream of N 2 . These dried FAME and DMA samples were reconstituted in toluene for analyses by GC/MS.
The C16:0 DMA and C18:0 DMA standards were prepared from palmitaldehyde and stearic aldehyde (both from K & K Laboratories, Inc., Carlsbad, CA) as described above for the methanolysis of phospholipids. The dried DMAs were then weighed, reconstituted in toluene, and subjected to GC/MS.
Gas Chromatography/Mass Spectrometry
A Varian 3400 gas chromatograph equipped with an autosampler (CTC Model A-200S) was operated using the Magnum software system 2.40 (Varian, San Jose, CA). The GC column was a DB-5 narrow-bore capillary column (length, 30 m; inner diameter, 0.25 mm; film thickness, 0.1 m). The GC injection port, transfer line, and detector manifold temperatures were 270, 280, and 300ЊC, respectively. The linear velocity of the helium carrier gas was 28.57 cm/sec. The column temperature initially was held at 80ЊC for 1 min and then increased at a rate of 10ЊC/min to 300ЊC, where it was held for 20 min. Ionization was in the electron-impact mode with an emission current of 10 A, and the electron multiplier voltage was 1650 V. The mass range scanned was 40-650 atomic mass units with the automatic gain control setting to obtain the total ion spectrum. The scan rate was 1 sec Ϫ1 . The sperm FAME plus DMA samples (1 l) prepared in toluene were applied to the GC by automated injection. Linear (R 2 ϭ 0.99) calibration curves were established for the FAMEs and DMAs by analysis of solutions of authentic standards. Blanks were analyzed along with samples to detect any cross-contamination between analyses. A FAME mixture ''grain'' of standards was obtained from Supelco (Bellefonte, PA). The cis -4,7,10,13,16,19 -DHA (C22:6n-3) methyl ester and cis -7,10,13,16,19 -docosapentaenoic acid (C22:5n-6) methyl ester were purchased from Sigma. Methylarachidonate was from Doosan Serdary Research Laboratories. The C16:0 DMA and C18:0 DMA were prepared as described above and analyzed by GC/MS as described for the sperm lipid samples. Molecular ions (M/e) of the DMA generated from palmitaldehyde were 255 (weak peak) and 75 (strong peak), which is typical of C16:0 DMA, whereas corresponding values of the DMA generated from stearic aldehyde were 283 and 75, which is typical of C18:0 DMA. Fatty acid methyl ester peaks were identified by both their GC retention times (as compared to those of standards) and by their mass spectra. They were then quantified by comparison of their GC peak areas with that of an internal standard (methylheptadecanoate).
RESULTS
The PGC capacitated mouse sperm sample possesses a higher population of sperm with morphology typical of mature gametes (complete chromatin condensation, complete formation of mitochondria, and absence of coating membrane vesicles) compared with the washed capacitated sperm (see Introduction), although the majority of sperm from both preparations was viable, as shown by their ability to exclude propidium iodide (95%-100% for the PGC capacitated sperm sample and 90%-92% for the washed capacitated sperm sample). However, the ability of PGC capacitated and washed capacitated mouse sperm to bind to the egg ZP and to fertilize eggs has not, to our knowledge, been compared previously. Figure 1A shows that a greater number of PGC capacitated sperm bound to the egg ZP compared with washed capacitated sperm in all three experiments performed (25 Ϯ 2 vs. 15 Ϯ 1, P Ͻ 0.001). Corroborating this result was the higher ability of PGC capacitated sperm to fertilize eggs in vitro (74 Ϯ 6 vs. 57 Ϯ 8 for washed capacitated sperm, P Ͻ 0.05) (Fig. 1B) . Although the percentage of the motile population in the PGC capacitated sperm sample was consistently higher than that of washed capacitated sperm (Ն90% vs. ϳ70%-80%), the same number of motile sperm of both sperm types was used for egg coincubation in both the gamete-binding and the in vitro fertilization assays. Therefore, the higher fertilizing ability of PGC capacitated sperm, as observed by the increase in the number of sperm bound per egg and in the in vitro fertilization rates, would be attributed to possibilities other than the percentage sperm motility. First, the hyper- [35] were observed in both sperm types. B) Sperm tyrosine phosphorylation patterns of PGC capacitated sperm and washed capacitated sperm. Lane 1: washed capacitated sperm; Lane 2: PGC capacitated sperm. Molecular masses of protein standards (kDa) are shown on the right. Proteins extracted from an equal number of PGC capacitated or washed capacitated sperm (0.5 million) were used for gel loading. The result shown is representative of three replicate experiments, and the value of each sperm type is expressed as mean Ϯ SD of the three sperm counts. *Significant difference between data from washed capacitated sperm samples and data from PGC capacitated sperm (P Ͻ 0.005). activated motility patterns showing an elevated beat frequency of the sperm tail and a larger amplitude of the sperm movement were more obvious in the PGC capacitated sperm sample than in the capacitated washed sperm preparation when assessed under a light microscope. Therefore, PGC capacitated sperm may have a stronger thrust to penetrate the ZP. Second, the PGC sample may have a higher population of capacitated gametes. CTC has been used widely to assess microscopically the percentages of noncapacitated (F pattern), capacitated (B pattern), intermediate (between capacitated and acrosome-reacted, S pattern), and acrosome-reacted (AR pattern) gametes in a sperm sample. Figure 2A shows that the capacitated sperm population in the PGC sample was slightly (15%) but significantly (P Ͻ 0.005) higher than that in the washed sample. The intermediate plus acrosome-reacted sperm population in the PGC sample was proportionally lower in the washed sample (P Ͻ 0.005). However, the percentage of the noncapacitated sperm population (F pattern) was the same in both samples. Nonetheless, the slight increase in the capacitated sperm population in the PGC sample could not account entirely for their significant increases in ZP-binding ability and in vitro fertilization compared with the washed sample ( Fig. 1) , especially because a higher number of sperm (motile ϩ immotile) from the washed sample was used consistently for gamete coincubation as a result of the lower percentage of its motile population (see Materials and Methods). This suggested that the capacitated sperm population, as detected by CTC staining (B pattern), of the two sperm preparations differed in their biochemical and functional properties.
Sperm protein tyrosine phosphorylation has been shown to be highly correlated with capacitation [49, 50] . Figure  2B shows that both the PGC capacitated sperm sample and the washed capacitated sperm sample possessed a similar pattern of protein tyrosine phosphorylation, as revealed by immunoblotting using 4G-10 antiphosphotyrosine antibody. The immunoreactive bands included sperm proteins of molecular weights ranging from approximately 45 to 250 kDa. The immunoreactive intensity of only two phosphorylated proteins (i.e., those with molecular masses of 64 and 60 kDa) was higher in the PGC capacitated sperm sample. These results suggested that the capacitation stage of PGC sperm may be slightly more advanced than that of washed sperm, although it may not account completely for the observed increases in ZP binding and in vitro fertilization competence of PGC capacitated sperm. Alternatively, this enhancement of fertilizing ability may result from changes at the plasma membrane levels in PGC capacitated sperm, one of which may be exposure and/or enrichment of ZPbinding ligands on the sperm surface.
One of the ZP-binding ligands that exists in an appreciable amount is the male germ cell-specific SGG (constituting 10 mol% of total sperm lipids) [28, 29, 51] . To determine whether the level and/or the proportion of SGG was increased in PGC capacitated sperm compared with washed sperm, we quantified SGG and other major lipids (cholesterol, phospholipids, DG, and TG) in both sperm types. Because mouse sperm tend to adhere to the tube wall surface within 10 min in suspension, we used the amount of DNA instead of the sperm number as a denominator of the sperm lipid content. The DNA assay involved treating sperm with DTT, which prevented sperm adherence to the tube wall, thereby allowing the assay to be carried out at a later time [12] . Both PGC capacitated and washed capacitated sperm had the same amount of DNA (4.1 Ϯ 0.2 vs. 4.0 Ϯ 0.4 pg/sperm) ( Table 1 ). The levels of SGG in PGC capacitated and washed capacitated sperm were not essentially different (0.120 Ϯ 0.006 vs. 0.139 Ϯ 0.027 nmol/g DNA). In contrast, the levels of both cholesterol and phospholipids in PGC capacitated sperm were markedly lower than in washed capacitated sperm (only 36% and 42%, respectively, as compared with the levels in washed capaci- tated sperm). However, the levels of the minor sperm lipids, DG and TG, in PGC capacitated sperm and washed capacitated sperm were very similar (Table 1) . Considering cholesterol plus phospholipids plus SGG plus DG plus TG as 100% of sperm lipids, the percentage of SGG in washed capacitated sperm was 8.3%, compared to 14.5% in PGC capacitated sperm. The molar ratios of SGG to cholesterol and to phospholipids also were markedly higher in PGC capacitated sperm (1.00 and 0.29 vs. 0.41 and 0.14 in washed capacitated sperm) ( Table 1) .
It is possible that the marked decrease of phospholipids in PGC capacitated sperm compared to washed capacitated sperm was confined to specific phospholipid subclasses. However, HPTLC results (Fig. 3) argue against this hypothesis. Densitometric analyses of lipids from two HPTLC runs revealed that the average contents (as mol% of total phospholipids, see Materials and Methods) of the three main phospholipids, PC, PE, and SM, in washed capacitated sperm were 58%, 26%, and 11%, respectively. In PGC capacitated sperm, these phospholipids subclasses had similar contents, with PC being the highest (47%), followed by PE (25%) and SM (14%). Cardiolipin existed as a minor phospholipid in both washed capacitated and PGC capacitated sperm samples (5% and 14%, respectively). However, a minor lipid band, migrating slightly faster than SM, was present in washed capacitated but not in PGC capacitated sperm. This lipid did not stain purple with the orcinol dye (data not shown), indicating that it was not a glycolipid. Another Coomassie blue-stained lipid with a higher mobility than SGG also was observed in both PGC capacitated and washed capacitated sperm. The identity of both lipids (each denoted by a question mark symbol in Fig. 3) remains to be determined.
The PGC sperm immediately acquired hyperactivated motility patterns on suspension in medium. This suggested that their plasma membrane may have a higher fluidity than that of washed sperm. In addition, a greater ability of PGC capacitated sperm to fertilize eggs as compared with that of washed capacitated sperm (Fig. 1B) may result not only from their higher level of ZP binding (Fig. 1A) but also from their enhanced capability to undergo fusion events pertinent to fertilization (acrosome reaction and sperm-egg plasma membrane fusion). Because lipids play an important role in regulating membrane fluidity, we characterized further the lipid profile of PGC capacitated sperm in comparison with that of washed capacitated sperm. The phospholipid molecular species in PGC sperm may be different from those of washed sperm. In particular, a higher proportion of phospholipid species containing HUFA likely would contribute to high membrane fluidity [27] , which is required for hyperactivated motility and membrane fusion events. Phospholipids, especially PC and PE, of mouse testicular germ cells and epididymal sperm have been shown to possess HUFAs [16, 51] . In contrast, our initial analysis of FAMEs generated from SM of washed capacitated mouse sperm revealed the presence of palmitic acid (C16: 0) as the major fatty acid (70%), followed by stearic acid (C18:0; 20%) and oleic acid (C18:1n-9; 10%), and the absence of HUFA. These results are in agreement with those of previous FAME analyses of SM isolated from mouse testis [52] . Therefore, we concentrated our efforts on characterizing FAMEs from PC and PE, the two main phospholipid subclasses of both washed capacitated and PGC capacitated sperm. Figures 4 and 5 show that acidic methanolysis of PC and PE, respectively, from both washed capacitated and PGC capacitated sperm generated FAMEs as their major products and DMAs as their minor products. This indicated that the hydrocarbon chains of PC and PE of both sperm samples were linked mainly to the glycerol backbone through ester linkages, whereas minor amounts of PC and PE existed as plasmalogens. The PE of both washed capacitated and PGC capacitated sperm possessed higher proportions of DMAs than the corresponding PC molecules (Figs. 4 and 5) .
Palmitic acid (C16:0) was one of the representative saturated fatty acids present in both PC and PE from washed capacitated and PGC capacitated sperm. In PC, it consti- tuted 23% and 38% of total FAMEs plus DMAs in washed capacitated sperm and PGC capacitated sperm, respectively (Fig. 4) . The corresponding percentages of palmitic acid in PE were 41% and 53%, respectively (Fig. 5) . Stearic acid (C18:0) was the other major saturated fatty acid present in both PC and PE of washed capacitated sperm (41% and 35%, respectively) (Figs. 4 and 5) . However, the distribution of C18:0 fatty acid in both phospholipid subclasses decreased dramatically in PGC capacitated sperm (to 2% and 18% of total FAMES ϩ DMAs in PC and PE, respectively) (Figs. 4 and 5) . Our acidic methanolysis products also contained appreciable amounts of C16:0 DMA in PE from both washed capacitated and PGC capacitated sperm (18% and 22% of total FAMEs ϩ DMAs, respectively) (Fig. 5) . This indicated that this hydrocarbon chain was present at the sn-1 position of PE plasmalogen. In contrast, the proportion of C16:0 DMA in PC was much lower in washed capacitated sperm (5%), although its percentage increased to 16% in PGC capacitated sperm (Fig. 4) .
In PC and PE of both washed capacitated and PGC capacitated sperm, small amounts (Ͻ5% of total FAMEs ϩ DMAs) of the mono-unsaturated fatty acid, oleic acid (C18: 1n-9) (Figs. 4 and 5) , were found. Also, HUFAs in PE were absent in washed capacitated sperm and were minimally present (Ͻ5% as C20:4n-6) in PGC capacitated sperm (Fig.  5) . In contrast, the proportion of HUFAs in PC was 27% in washed capacitated sperm and 42% in PGC capacitated sperm (Fig. 4) . In washed capacitated sperm, HUFAs of PC consisted of DHA (C22:6n-3; 12%), arachidonic acid (C20: 4n-6; 10%), and docosapentaenoic acid (C22:5n-6; 5%). On the other hand, the main HUFA species in PC of PGC capacitated sperm was C22:6n-3 (41%), whereas C20:4n-6 and C22:5n-6 in PC appeared in trace amounts (Fig. 4) .
DISCUSSION
Although the percentages of the motile population in the PGC capacitated and washed capacitated mouse sperm samples were high (Ն70%), the present study showed, to our knowledge for the first time, that PGC capacitated mouse sperm had higher fertilizing ability than washed capacitated mouse sperm (Fig. 1) . The results corresponded with the greater degree of hyperactivated movement of PGC capacitated sperm observed visually under a light microscope. However, the slight increase of the CTC-stained B pattern (designated as ''capacitated acrosome intact'') [35] in PGC capacitated sperm (15% higher than in washed capacitated sperm) could not explain their higher degrees of ZP-binding ability and in vitro fertilization (1.7-and 1.4-fold, respectively, the values of washed capacitated sperm), especially because the total number of sperm incubated with eggs was always higher for the washed sperm sample. The lack of tight correlation between the distribution of PGC capacitated sperm in the CTC-stained B pattern and the fertilizing ability of these sperm was not surprising, because CTC is believed to bind calcium in hydrophobic environments [35] , and therefore sperm with the CTCstained ␤ pattern may not represent the whole population of capacitated sperm having fertilizing ability.
Sperm tyrosine phosphorylation has been shown to correlate with capacitation [49, 50, [53] [54] [55] . The mechanism of this sperm protein modification is through the cAMP and protein kinase A pathway, which is initiated by cholesterol efflux and the increase in intracellular bicarbonate levels [49, 50, 54, 55] . The PGC capacitated sperm showed a slight increase in sperm protein tyrosine phosphorylation (Fig. 2B ). The cholesterol:phospholipid ratio in PGC capacitated sperm also was lower than that in washed capacitated sperm ( Table 1) , suggesting that cholesterol efflux may occur at a greater extent in PGC sperm. This may lead to the slightly higher level of tyrosine phosphorylation in these sperm, and it may account, in part, for their improved ability to bind to the ZP and to fertilize the egg. However, other mechanisms also may contribute to the observed higher fertilizing ability of PGC capacitated sperm.
In the present report, we demonstrated that the lipid profiles of PGC capacitated and washed capacitated sperm differed, mainly in three aspects. First, the levels of cholesterol and phospholipids, the two main sperm lipid classes, were markedly lower in PGC capacitated sperm (Table 1) . These results corroborated those previously described in mouse and human sperm [12, 13] and the ultrastructural findings that PGC sperm were devoid of coating membrane vesicles [5, 9] . Presumably, these vesicles were enriched in cholesterol and phospholipids, and their absence in PGC sperm likely would allow exposure of ZP ligands on the sperm head surface. One of these ZP-binding ligands was SGG [51] , the levels of which were constant in both PGC capacitated and washed capacitated sperm (Table 1) . However, because of a significant decrease of cholesterol and phospholipids in PGC capacitated sperm, SGG became enriched in these sperm. The proportion of SGG in PGC capacitated sperm was 1.75-fold the corresponding value in washed capacitated sperm (14.5% vs. 8.3%) ( Table 1) . This would impart a greater opportunity to PGC capacitated sperm to bind to the ZP (as shown in Fig. 1A) , especially when no more coating membrane vesicles were present to hinder SGG and other ZP adhesion molecules on the sperm surface to interact with the ZP.
The higher percentage of SGG as well as its increased ratio to cholesterol and phospholipids (Table 1) in PGC capacitated sperm suggested that SGG contributed more to the membrane architecture in these sperm compared to washed capacitated sperm. Recently, we showed that the majority of SGG exists in lipid rafts of capacitated sperm [51] . Lipid rafts are liquid-ordered, cholesterol-containing microdomains, which are considered to be platforms of cell adhesion and signaling molecules [56, 57] . In somatic cells, glycosphingolipids are present in lipid rafts, contributing to the raft formation via hydrophobic interaction and hydrogen bonding with each other as well as with cholesterol [58, 59] . However, glycosphingolipids exist at a very low level in mammalian sperm [19] . SGG, the major glycolipid of mammalian sperm (present at ϳ10 mol% of total mammalian sperm lipids [29, 51] [31] . The higher percentage of SGG in PGC capacitated sperm therefore would result in relative enrichment of lipid raft microdomains in these sperm. Our unpublished results reveal that isolated mammalian sperm lipid rafts bind to ZP with the same specificity employed by intact sperm. Therefore, in addition to the direct ZP-binding ability of SGG, its enrichment in PGC capacitated sperm may account for the increased ZP-binding ability of these sperm via enhancement of sperm raft formation.
The third lipid parameter that was distinctively different between PGC capacitated sperm and washed capacitated sperm was the presence of a higher percentage of HUFAs in PC of the former sperm type. Specifically, DHA (C22: 6n-3) was the only prominent HUFA of PC in PGC capacitated sperm, constituting approximately 40% of total FAMEs plus DMAs (Fig. 4) . In contrast, HUFAs of PC in washed capacitated sperm comprised arachidonic acid (C20:4n-6), docosapentaenoic acid (C22:5n-6), and DHA, the percentage sum of which was only 25% of total FAMEs plus DMAs (Fig. 4) . Because of its highest number of double bonds, DHA would enhance fluidity of biomembranes to the greatest extent [27] . This enhanced fluidity would be beneficial for fusion events during fertilization (acrosome reaction and sperm-egg plasma membrane fusion). Because HUFA-containing phospholipids do not interact well with cholesterol and SGG (unpublished results), they likely exist in the nonraft fluid-phase domains [59] . Despite the enrichment of DHA in PGC capacitated sperm, this sperm type appeared to have a lower rate of spontaneous acrosome reaction compared with washed capacitated sperm ( Fig.  2A) . This may result from the raft microdomains possibly existing as islands surrounded by the fluid phase. As discussed above, compared with washed capacitated sperm, PGC capacitated sperm membranes may contain a higher proportion of lipid raft microdomains, and this would reduce the continuity of the fluid phase areas in these sperm. On the other hand, the higher spontaneous acrosome reaction rate of washed capacitated sperm may result from their possession of arachidonic acid (20:4n-6) containing PC. Arachidonic acid, which can be released from its parental phospholipids by the action of phospholipase A 2 [60] , is known to have an acrosome reaction-inducing effect [61, 62] . However, HUFA-containing phospholipids may be beneficial for the ZP-induced acrosome reaction. The current concept holds that the interaction between multivalent binding ligands and their receptors in lipid rafts would lead to raft clustering/coalescence, resulting in formation of macrorafts and simultaneous activation of downstream signaling events [63, 64] . Because ZP sulfoglycoproteins contain a number of glycan chains, which are known as the spermbinding entities [65, 66] , macrorafts on sperm also may be generated as a result of sperm-ZP binding. Because HUFAcontaining phospholipids contribute significantly to biomembrane fluidity [15, 27] , they likely would facilitate raft clustering and, thus, macroraft formation and subsequent downstream signaling events, the final outcome of which would be the acrosome reaction in sperm. Therefore, the PGC capacitated sperm, having a higher proportion of HUFA-containing PC, would have a higher potential in macroraft formation and a greater tendency to undergo the ZPinduced acrosome reaction compared to washed capacitated sperm, and this would be reflected in their higher in vitro fertilization ability, as shown in the present report (Fig. 1B) .
Our findings that both SGG-and DHA-containing PC are enriched in PGC capacitated sperm suggested that the sperm plasma membrane had to undergo remodeling events in both lipid raft (liquid-ordered) and fluid-phase microdomains to gain their high fertilizing ability. Our present results argue for the following two points: First, Percoll gradient centrifugation should be used routinely for preparing mouse sperm for fertilization-related studies. Second, sperm lipid contents, especially SGG and DHA, should be considered to be biomarkers for sperm fertilizing ability in addition to the B pattern of CTC-stained sperm and sperm tyrosine phosphorylation. At present, it is unclear whether a population of sperm already exists that uniquely possess higher amounts of SGG, DHA-containing PC molecular species, and other molecules that provide them with higher fertilizing ability and whether Percoll gradient centrifugation simply selects this sperm population. Alternatively, the process of Percoll gradient centrifugation may generate these high-quality sperm, or the combination of both possibilities may be responsible for the generation of PGC capacitated sperm with high fertilizing ability. The PGC capacitated sperm may be analogous to oviductal sperm in the in vivo situation. Sperm that have reached the oviduct likely have higher fertilizing ability than the remaining sperm that are left behind in the uterus. The higher fertilizing ability of oviductal sperm may reflect their inherently better quality as well as modification of their cell membranes during their swimming through the glycan/glycoprotein matrices in the female reproductive tract [67, 68] . Currently, we are using the experimental approaches described in the present report to characterize lipid profiles of oviductal sperm.
